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Abstract
Two regional GPS receiver networks from the Ordnance Survey U.K. (OS) and the Italian Space Agency (ASI)
have been used for monitoring mid-latitude Total Electron Content (TEC) during quiet and disturbed ionospheric
conditions in the current solar cycle. A few quiet and disturbed days in March and April 2002 were examined.
These showed how the temporal and spatial patterns of changes develop and how they are related to solar and
geomagnetic activity for parameter descriptive of plasmaspheric-ionospheric ionisation. Use is then made of
computer contouring techniques to produce snapshots of daily maps of TEC for these different regional areas.
1.  Introduction
It is well known that the ionosphere, as a
major region of the Earth’s environment, shows
great temporal and spatial variations. Temporal
variations include cyclical effects with diurnal,
seasonal and solar cycle periods. Spatial va-
riations deal with geographical and also signi-
ficant variations in ionospheric behaviour in
different ionospheric layers. In studying these
variations, particularly important are ionospheric
disturbances with their damaging effects on radio
communications systems that involve links
between earth and space at frequencies up to at
least 4 GHz (Bishop et al., 1996). The deter-
mination of whether the ionospheric conditions
will generate significant system degradation
involves a continuous monitoring and extensive
study of ionospheric variability at local, regional
and global levels. In this paper the emphasise is
on the regional ionospheric variability as seen
from OS and ASI GPS receiver networks in fig.
1a,b during the solar-terrestrial conditions given
in table I.
Most of the studies so far indicate that in order
to realistically specify the global undisturbed
ionosphere, hourly ionospheric observation every
30° of longitude and 15° of latitude are needed.
Such a minimum world-wide grid network would
provide at least 20% improvement in the spe-
cification of the ionosphere over the median
condition (Rush, 1972). However, during
geomagnetic disturbances, the observations
should be more frequent both in time and space
(Bradley and Cander, 2002). Such a network of
observing GPS sites is currently in existence
(e.g., OS and ASI) giving the potential impro-
vement to propagation forecasting. The scale size
of the changes in the structure and ionisation
content are quite variable and are investigated
here on regional basis.
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The vertical TEC estimations along all GPS
satellite links in view for elevation angles greater
than 10° are derived using a technique developed
by Ciraolo (1993, 2000) and recently discussed
by Cander and Ciraolo (2002). The residual RMS
values of the observations result generally in
the order of approximately 2 TEC units (1 TEC
unit = 1016 el/m2).
2.   Spatial and temporal regional TEC structure
The possible origins of plasmaspheric-
ionospheric variability can be the solar ionising
flux, the interaction of the solar wind with the
Earth’s magnetic field and even meteorological
influences (Prölss, 1995). Typical multi-point
observational TEC results for ASI sites are given
in figs. 2a-c. They show clearly geomagnetic
activity effects at the regional plasmaspheric-
ionospheric conditions. Evidently there is a part
of scatter in figs. 2a-c that can be only attributed
to the higher level of geomagnetic activity on
both 5 and 6 March than on 8 March 2002, dis-
playing pronounced upper atmospheric sensi-
tivity to the rapidly changing solar-terrestrial
activity as given in table I. In particular, iono-
spheric vertical TEC variations are found to have
relatively small magnitude (12 TECU during
daytime and 8 TECU during night-time) for quiet
conditions on 8 March 2002. Thus, it is unlikely
that short-term solar EUV changes can produce
the observed spatial TEC variability. Figures 2a-c
show that there is a marked TEC variation from
hour to hour as well as within 1 h related to the
receiver’s locations in a rather complicated way
that cannot generally be linked directly to any
single solar_terrestrial event. If the difference is
of order of 30 TECU during daytime and 20
TECU during night-time between one location
and another in the area of 15° longitude and 10°
latitude on 5 and 6 March 2002, it is expected
that the behaviour of the plasmasphere-ion-
ospheres structure during major geomagnetic
disturbances departs even more significantly
from that described in figs. 2a-c. Although day-
time variability in TEC is found to be consid-
erably larger than night-time, fig. 3a,b shows
important difference between two regional areas
TEC during nights hours on 4 March 2002.
Fig.  1a,b.  Maps of the OS (a) and the ASI (b) GPS
sites considered in this paper as two regional areas.
a
b
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Date RC 10 cm Ak BKG M X
2002 Mar 03 178 183 012 B9.8 0 0
2002 Mar 04 − 175 011 B7.3 0 0
2002 Mar 05 − 172 024 B6.4 0 0
2002 Mar 06 165 178 017 B9.9 0 0
2002 Mar 07 − 180 008 B7.2 0 0
2002 Mar 08 − 177 004 C1.0 0 0
2002 Mar 29 − 181 007 B7.7 0 0
2002 Mar 30 145 189 018 C1.8 2 0
2002 Mar 31 179 204 024 C1.4 1 0
2002 Apr 01 165 207 018 C1.0 0 0
2002 Apr 02 220 206 012 C1.4 0 0
2002 Apr 03 − 209 015 B8.1 0 0
2002 Apr 04 248 216 006 C1.0 2 0
2002 Apr 05 213 217 004 C1.3 0 0
2002 Apr 06 249 206 004 C1.1 0 0
2002 Apr 07 211 208 010 C1.5 0 0
Table  I.  Solar-terrestrial conditions in March and April 2002 (SIDC (RWC-Belgium) http://sidc.oma.be)).
RC = sunspot index from Catania Observatory (Italy); 10 cm = 10.7 cm radioflux (DRAO, Canada); Ak = Ak
index Wingst (Germany); BKG = Background GOES X-ray level (NOAA, U.S.A.); M, X = number of X-ray
flares in M and X class, see below (NOAA, U.S.A.)
Fig.  2a.  Daily vertical TEC at ASI during disturbed 5 March 2002 day.
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Fig.  2b.  Daily vertical TEC at ASI during disturbed 6 March 2002 day.
Fig.  2c.  Daily vertical TEC at ASI during quiet 8 March 2002 day.
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Fig.  3a,b.  Night-time vertical TEC from OS (a) and ASI (b) on 4 March 2002.
a
b
654
Angela Vernon and Ljiljana R. Cander
The possibility of using the Kriging contour-
ing technique, which behaves nonlinearly with
respect to the spatial co-ordinates (Samardjiev
et al., 1993; Stanisl/awska et al., 1996; Cander
and Vernon, 2000; Stanisl/awska et al., 2002), for
TEC mapping over a limited geographical area
in Europe is further explored in this paper. Grid
values are generated at 10 min intervals to show
the spatial extent of ionospheric TEC changes
over the OS and ASI areas. The Kriging con-
touring of the GPS vertical TEC data from all
stations shown in fig. 1a,b was performed for
selected days in March and April 2002. Results
are presented only for 0005, 1205 UT over the
ASI area and 0805, 1405 UT over OS area in
figs. 4a,b and 5a,b, respectively. They reveal that
the maps differ significantly by several TEC
units, which is expected from the structures in
TEC variations clearly seen at figs. 2a-c and 3a,b.
This emphasises a unique opportunity to monitor
the ionosphere regularly by numerous GPS
ground sites on the regional basis.
Accordingly, there is a considerable spatial/
temporal structure over limited ASI and OS areas
that can be seen on the maps in figs. 4a,b and
5a,b, respectively. The 5 and 31 March minor
storms affected the plasmasphere-ionosphere
over these two areas in such a way that the TEC
variation appeared as a negative-value phase.
More importantly the common pattern consists
of significant TEC variability at limited geo-
graphical areas. Thus, it is obvious that such a
Fig.  4a,b.  Maps showing the ionospheric vertical TEC over the ASI for 6 and 8 March 2002 generated by
Kriging. Contours are labelled in units of TEC with fit of data from 1205 (a) and 0005 (b) UT.
a b
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spatial/temporal structure in the ionospheric and
plasmaspheric ionisation during minor geo-
magnetic storms creates the great difficulty in
matching the rapid TEC variations in forecasting
models and data as storms develop. The physical
mechanisms that lead to such a complex be-
haviour even at this limited area neither can be
explained nor forecast easily with current
knowledge (Fuller-Rowell, 1998).
3.   Discussion and conclusions
Advantage of the limited area TEC obser-
vations with the regional GPS networks is not
only its wide coverage of space but its high spatial
and temporal resolution, and wide temporal
coverage. It helps in further understanding the
relationships between the regional plasma-
spheric-ionospheric structure and associated
solar-terrestrial events. This should lead to a
regional storm forecasting technique based on
continuous and rapid measurements over limited
areas as these at the ASI and OS. It is also
important for determining the required geo-
graphical spacing of TEC monitoring locations
for different practical applications.
The present study has been an area-centred
one in which specific examples of regional TEC
variability were investigated. Although ion-
ospheric storms are global phenomena, the fin-
dings here emphasise the means for monitoring
Fig.  5a,b.  Maps showing the ionospheric vertical TEC over the OS for 31 March and 5 April 2002 generated by
Kriging. Contours are labelled in units of TEC with fit of data from 1405 (a) and 0805 (b) UT.
a b
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and possibly forecasting storms and perturbations
of the ionosphere over different spatial and
temporal scales. The aim of any trans-ionospheric
propagation-modelling project is to study the
variability of the various physical parameters,
such as the ionospheric critical frequency f0F2 and
TEC and relate them to solar-terrestrial events.
Therefore, the database of high time resolution
TEC GPS receiver networks can be used for
developing regional plasmaspheric-ionospheric
model as a part of global ionospheric and space
weather models. Coupled with global real-time
monitoring and warning systems, such a model
will be able to identify the onset and location of
the ionospheric storm conditions and forecast the
immediate future.
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